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A Radar Backscatter Model for Discontinuous
Coniferous Forests

Guoqing Sun, David S. Simonett, and Alan H. Strahler, Member, IEEE

Abstract—A radar backscattering model for low to medium
density woodland is described in this paper, in which each tree
is treated as an individual backscatterer. A forest stand viewed
by radar is then an assemblage of scatterers standing on a
background in a certain spatial pattern. The backscattering
components arising from the various intersections of radar
beams with the forest stand are calculated separately and their
Stokes matrices are then added together to achieve the Stokes
matrix for total backscattering. Probabilities of radar beams
intersecting tree crowns are introduced into the model in cal-
culating the backscattering and to give each component the ap-
propriate extinctions.

Keywords—Discontinuous forest canopies, Stokes matrix, gap
probabilities.

[. INTRODUCTION

Anumber of microwave backscattering models of for-
ests have been developed over the past several years
[1]-[6], in which the forest stands are treated as contin-
uous layers in the horizontal direction. The specific forest
parameters have been directly used as model inputs and
the backscattering characteristics of various forest stands
have been reasonably predicted from these models. For
modeling forest stands of low-to-medium densities, this
paper presents a radar backscattering model for discontin-
uous forest stands in which each tree is treated as an in-
dividual backscatter. A forest stand viewed by radar is
then an assemblage of scatterers standing on a background
in a certain spatial pattern. The shape, size, and position
distribution are determined by the forest structure in a
given successional stage. The major driving parameters
of this model are the most important physical parameters
of a forest; i.e., tree number per unit area and average
tree heights in a stand.

The major scattering mechanisms considered in this
model are the same as in the L-band HH backscatter model
developed by Richards er al. [1]. The current model,
however, will predict backscattering Stokes matrix from
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Fig. 1. Backscattering components of a discontinuous forest canopy.

a forest stand. The radar beam may be considered to be
of three different types in terms of its intersection with
forest stands: 1) Intersecting at least one tree crown; 2)
intersecting no tree—i.e., incident directly on the soil sur-
face through gaps between trees and producing a direct
surface backscattering; and 3) encountering a tree trunk
and giving a strong specular scattering involving trunk-
ground interaction, especially if the surface is relatively
smooth. The backscattering components associated with
beam 1 include (see Fig. 1): (a) Volume backscattering
from the tree crown, o, (leaves and branches); (b) direct
backscattering from the surface area shadowed by tree
crown o,;; and (c) an interaction component between tree
crown and ground surface ¢,_,, which includes three
terms; ground-crown (o,_.), crown-ground (o..,), and
ground-crown-ground (o,.,) terms. Backscattering com-
ponents for beam 2 are o,,, and for beam 3 include o,_,.
These components are considered to be phase-indepen-
dent so that the Stokes matrices of these components may
be added together to obtain the Stokes matrix for the total
backscattering of the forest stand. Probabilities of radar
beams intersecting tree crowns are introduced into the
model in calculating the backscattering and to give each
component the appropriate extinctions. Multiple scatter-
ing between cylinders is not considered in the present
model.

The tree crown is modeled as a homogeneous ellipsoid
comprised of scattering elements (needles and cylinders
for coniferous trees) with various size and orientations.
The scattering and extinction properties of an arbitrarily
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oriented dielectric cylinder are calculated and then inte-
grated over its size and orieritation distributions (Section
II). Multiplying by the number of cylinders per unit vol-
ume, the averaged properties were used as parameters in
the radiative transfer equation to calculate the components
associated with the crown. Section III gives the formulae
for the four major backscattering components in the
model. The trunks are assumed either to be vertical to the
ground or to have a specified orientation distribution. The
backscattering of ground surface was calculated by use of
an appropriate surface-scattering model based on the sur-
face roughness and radar wavelength. The extinction suf-
fered by each component is dependent on the probabilities
of the radar beam intersecting none, one, two, - - -, n
trees. For low density stands (2-15 trees per 25 X 25 m?
pixel), the probabilities of intersecting more than two trees
are very small. Section IV describes various extinctions
suffered by each backscattering component.

Model sensitivity analysis and simulation results are
presented in Sections V and VI, along with the discus-
sions on various issues involving model inputs and sim-
ulation results.

S,.. Sk SonSin
S, Sk S Si
2 Re (8,,55) 2 Re(S,,S5)
2 Im (S,.S5) 2 Im (S,,S5)

II. SCATTERING AND EXTINCTION FROM TREE CROWN

Fig. 2 depicts the scattering geometry of a finite-length
circular cylinder. The orientation of the cylinder is deter-
mined by zenith angle « and azimuth angle 8. The inci-
dence wave is in the plane XOZ and forms an angle §; with
the Z-axis. The XYZ coordinate system is referred to as
the primary system, from which the orientations of cyl-
inder, incidence, and scattering directions are defined.

The scattering matrix of a vertically oriented cylinder
with finite length can be calculated using the equations
given by Ruck ez al. [7] and Bohren and Huffman [8]. For
an arbitrarily oriented dielectric cylinder, the incidence
plane is now made by the incident wave vector k; and
cylinder orientation vector 7', and the scattering plane is
the plane made by vector Z and scattering wave vector
k;. The ¥ of the local coordinate system is in the incident
plane. We can determine the scattering matrix of the cyl-
inder within the local coordinate system X'Y’Z’ and then
transform it to the primary system XYZ.

The scattering from a scatterer can be characterized by
the complex scattering matrix S,,,, defined according to:

Ei eikr Sl'l' Sl'h E;
N j (0
E; P LS Sl LE),.

Re (S,,S%)
Re (87,
Re (S, S5 + S8k
Im (S, 8% + S48k

X

Fig. 2. Scattering geometry of a dielectric cylinder.

where (E', E}) and (E®, E}) are the incident and scatter-
ing fields. The Stokes matrix L, which describes the re-
lation between incidence and scattered Stokes vectors,
may be derived from the complex scattering matrix by

(31, (9], [10]:

—Im (S},,S,.)

~Im (S}, S,

—Im (S,,. S5, — S,,8%)
Re (S,. S5 — S,,S5)

In order to model the scattering from a volume of di-
electric cylinders with a specified orientation distribution,
the scattering function or Stokes matrix needs to be av-
eraged over all orientations («, 3) and sizes (h, a) of the
cylinders.

If the scatterings from the cylinders have independent
phases, the Stokes matrices can be integrated to achieve
the scattering of an averaged effective cylinder:

a2 B2 ha w

a 3 h ay

. L(O(, B; h? a, Hiv 0\9 45)[)1(01, B)p}(hs a)
3)

where p, and p, are the probability distributions of cyi-
inder orientation and size, respectively.

The total power loss from the incident wave due to the
scattering and absorption of a wave by the scatterer is
closely related to the behavior of the scattered field in the
forward direction. For a medium with low concentration
of scatterers and by applying the optical theorem, the total
extinction cross section can be calculated when the scat-
tering amplitude in the forward direction is known [10].
The extinction coefficient matrix « below is used to de-
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scribe the volume extinction property of tree foliage:

2 Re (M,,) 0
0 2 Re (M)
“T 7] 2Re M) 2Re(M,)
—21m (M,) 2Im (M,
and
27wiN

M,,q = T (S,,q(@, ™ — 0, 7r)> (5)
where the p, g stand for polarizations h or u, (8,0,
7 — 6, m)) is the averaging of forward scattering matrix
by an integration similar to (3). The N is the number of
scattering elements per cubic meter and k wavenumber.

The Stokes and extinction matrix of needles were cal-
culated using equations provided in [3] and [10]. The sum
of the Stokes and extinction matrices for needles and
branches were used as the volume properties of tree crown
for calculating the backscattering components in the next
two sections.

III. Four MAIOR BACKSCATTERING COMPONENTS

Fig. 1 shows the backscattering components considered
in the current model. In addition to the direct backscat-
tering from tree crown and ground surface, the interaction
component between tree crown and ground surface con-
sists of three terms, as mentioned before, and the trunk-
surface double bounce component consists of two terms
in opposite directions.

The scattering and extinction are dependent on the
pathlength s of radar beams within the tree crown. For an
ellipsoidal crown with two radii H and R (w = H/R), the
probability density function of s at incidence angle ¢ is
[11]:

P(s) = (6)

B
2RG)
with s ranging from 0 to 2RG and G = [(1 + w? tan®
0/ + tan” §)]'/2. Therefore the scattering terms M. (s)
(the * can be v, scs, ¢ — 5,8 — ) tO be calculated below
should be averaged by the following integration:

M = so = 2RG.

SO P(s)Mx(s) ds. @)

A. Volume Backscattering from Tree Crowns

Obviously, calculating backscattering from tree crown
by solving the radiative transfer equation is not an easy
task. because of the complex boundary conditions. For
approximation, results from the solution of the radiative
transfer equation for layered media [3] were adopted here.
When a ray passes a tree crown (see Ray 1 in Fig. 1), a
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horizontal layer from the entrance point to the exit point
was assumed. For a layer of canopy with depth sy at the
incidence (—pg, ¢g). with gy = cos (), the first-order
solution for canopy volume backscattering at direction (g,
@) is

M, = Qp. ¢)A4Q<-l(*#o~ %o)

where [3, equation (A.39)]

(8)

0
A, = S D, ¢: 2/ Q. (. @)PLp, &5 — o, Do)
—Spo

© Q. pos Po) D — o, Do 2/ 1) dz )

whose (i, j)q, element is given by
(A4l

_ 1 — exp [— (Ap, &) /1 + Aj(—po. B0) / 110) S0l
A[(M» d))/# + A/(‘pbo, ¢>0)/l"‘0
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where P, is the averaged Stokes matrix in the backscat-
tering direction described in Section II. The A; and A},
with i, j = 1, 2, 3, 4, are the eigenvalues of extinction
matrix of tree crown, @, is the corresponding matrix of
eigenvectors, and D, is a diagonal matrix accounting for
the extinction of tree crown [3]. [10].

The probability of path length (s) of radar ray through
a tree crown can be expressed by (6), and A4 should be
averaged over the crown by the integration mentioned
above. By implementing the integration and noting that
p = po, we obtain

[A); = mo (G Q. ' (n. ®)PLp, &7 —Hos Do)

© Q= pos D0y (11)
and
61 =L (2 2 epnso - L
i =3 AR, T Ay P T AN

A = A(u. ) + A (—po, Do)

where sq is the upper limit of pathlength s: i.e., 2RG.
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B. Ground-Crown Interaction Term
The three components associated with the canopy-
ground interaction are given below.
Radar-Ground-Crown-Ground-Radar Term:

Mo = PO~ 9)A, Q. (o, 9P, (12)
Radar-Crown-Ground-Radar Term:
Mooy = PO(~p, )4, 07 (— . 0. (13)
Radar-Ground-Crown-Radar Term:
M, .= Qu, D)A07 (o, ¢) P, (14)

with the A, has a similar form with A,. because both are
related to the backscattering from the canopy, and after
integrations, A, and A, have similar forms as follows:

[Xz],_',' = [Gyl; - [Q:I(liw PYP(p, b1 —py. dp)

© O~ po, o)y (15)
where
4 2 4 4
Cli=Ge - Lt o e ~ A5,
Gl Alsg (A, A'sy  Alst Ho exp ( 50)
ifi=j
and

2 | 1 ] 1
G7 i | - = - —A2s0 50+
Gl (Asd) <A§ Al A, ¢ (‘“ A3>

ifi # j, where A = A, — Aro Ay = A(p, ¢). and A, =
A;(po, dg). Py is the Stokes matrix of the ground surface
at the specular direction. Because most of the surface in
our study area (South-east forests of Mount Shasta, north-
ern California) is very smooth, P, was calculated by

P, = pexp [~2(ko cos 6)’] (16)
where p is the Fresnel reflectance matrix of the surface,
o here is the standard deviation of surface height, and k
is the wave number.

C. Backscatiering from the Ground Surface

The direct backscattering Stokes matrix of the ground
surface M,(~py, ¢y; uy. Py) can be calculated by use of
an appropriate surface-scattering model based on surface
roughness and radar wavelength. A small perturbation
model was used in this study. since the surface is quite
smooth.

D. Ground-Trunk Interaction Term

The trunks are treated as dielectric cylinders in this
model as before [5]. Because the number of trees per pixel
is assumed to be low for discontinuous forest stands, the

only attenuation considered arising from the trunks is the
shadows on the direct surface backscattering.

The scattering matrix for each tree in a pixel was con-
verted to the Stokes matrix and then summed to get the
total scattering from trunks [12]. The term M, _ is cal-
culated by

t=n

M _, = 2;1) [Pf(#us ®os ps @)+ P(—py; p)

+ P\(—/"t[)ﬁ ,U,) : P;(—M()’ d)(), T K, ¢)

+ P(—py, do; —p, $)]/PA (17

where the first two terms represent scatterings in opposite
directions, and the third term is the direct backscattering
from the trunk, which may be significant if the trunk is
not vertical to the ground surface and nearly perpendicu-
lar to the incidence waves. The PA stands for the total
surface area of a pixel, and » is the total number of trunks
in the pixel.

The four major backscattering components calculated
above will suffer attenuations if there were tree crowns
between the scatterers and radar. These extinctions are
dependent on the probability of radar-wave-passing tree
crowns and are discussed in the next section.

IV. CALCULATIONS OF BACKSCATTERING COEFFICIENT

The probability that a radar beam intersects n tree
crowns is P(n) = u"e "* /n! (Fig. 3) [13], where u=cA,
c is the average tree count per unit area, and A is the av-
erage projected shadow area of a tree crown on the
ground. The sum of the probabilities is

Here the distribution of tree size is assumed to be log-
normal and trees are randomly positioned within a stand
(Poisson distribution).

Appropriate attenuation terms have to be introduced
into the backscattering coeflicients calculated in the above
section. By combining gap probabilities and the extine-
tion matrix and the average path-length of the radar beam
within a tree crown (3), the final forms for the model
components are as follows: The P(n) used in the follow-
ing equations represents the probability of a radar ray
passing through n tree crowns. The factor e % ™ is the
extinction by a tree crown when the wave is passing
through it downwardly, while ¢ ™ " means upward ex-
tinction (see [3, equation A. 16]).

A. Volume Backscattering from Tree Crowns

n=o
+
(

My = 2 [Pnye ™ "= D0 M s b0y (1g)
n=|

The first term in this equation (when n = DisP(HM,,
which is the direct backscattering from some tree crowns
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Fig. 3. Probabilities of intersecting trees: P(n) is the probability of inter-
secting n trees. The horizontal axis represents the ratio of the total area
shadowed by trees to the area of ground containing these trees.

without any attenuations from other trees. The n has to be
greater than zero in order to have this scattering. When n
= 2, which means that there is one tree between the radar
and scatterer, the corresponding extinction was added.

B. Ground-Crown Interaction Term

M, =M° .+ M + M

c—3 SCs

2 Z [P(m)ef"‘* (milJEMSA(,eix‘ rl?P(n)]

n=0m=1

+ 2 Z [P(m)e-x{,*mKM(‘ixe—xf(n—I)FP(n)]
n=1m=0
n=o

+ Zl [P(n)e"“ (”-“‘\)Mx“e_x‘ (n—l).\')]. (19)

h=

C. Backscattering from the Ground Surface

M = M° + M,

= Z [P(!l)e‘_""{ H;M“e‘h; nT].

(20
n=0
D. Ground-Trunk Interaction Term
M) = 2 [Pme " "M, "1 QD
and the total backscattering Stokes matrix will be:
MO=M° + MO+ M+ M, (22)

The Stokes matrix calculated above fully characterizes
the backscattering of targets. By wave synthesis, the total
powers received in any transmit and receiving configura-
tion can be derived from the Stokes matrix. If only the

backscattering coefficients in HH, HV, VV, and VH are
required, the following are the conversion equations:

0
0, = 41M, \; o(,’,,, = 47M, ,

apn. = 47M, o = (23)

V. MoDEL IMPLEMENTATION AND SIMULATIONS
A. Model Inputs and Simulation Procedure

The input parameters to the model include the average
number of trees per pixel (n), the average height of trees
in a stand (h) and standard deviation of tree height (h,);
the size and orientation distributions (p,(a, B), (pa(h. a))
and dielectric constants (¢, €,, €,) for needles, branches,
and trunks; the dielectric constant (e,) and roughness (o,
1) of the ground surface; and the radar incidence angle (6)
and wavelength (\). In addition, the regression relations
between (i) the DBH (Diameter at Breast Height) and total
height of trees; and (ii) the DBH and tree-crown-shape
parameters H and R derived from field measurements were
used to determine the gap probabilities.

B. Comments on Some Input Parameters for Simulation

1) Numbers of Needles and Branches per Cubic Meter
within Tree Crown: No direct measurement has been per-
formed nor are such data to be found in the literature at
this time. For the Ponderosa pines in Oregon, Gholz et
al. [14] provided regression equations for calculating the
biomasses of the total foliage and live branch from the
DBH of the tree. The biomass can be converted to volume
if the specific weight is known. From our field measure-
ments, regression relationships for calculating crown
length and width from DBH have been derived [12].
Therefore the volume fractions of foliage and branch
within a tree crown can be estimated from its DBH or
height. The volume fractions can be further converted to
the numbers of needles and branches if the dimensions of
needle and branch are known. We have used 4000 needles
and 10 branches per cubic meter of crown for simulations
performed in this chapter.

2) Orientation Distributions of Needles, Branches and
Trunks: For the Ponderosa pine in the simulations per-
formed in this section. the branches are assumed to have
an average size of 0.75-m long and 0.04-m in diameter,
with uniform distributions within the range of +40%
of the mean values. The needles are 0.10-m long and
0.001-m in diameter and assumed to be uniformly distrib-
uted in both the azimuth and zenith directions. From the
field observations, the branches of Ponderosa pines ap-
pear to be preferably horizontally oriented. Because there
is no field measurement of this orientation, the branches
are assumed to be a uniform distribution in the azimuth
direction and a probability density function in the zenith
() direction described by:

sin’ oz/S~ sin® x dx. f0<sa<sn
plo) = 0 (24)
.0, otherwise.
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Trunks are assumed to be vertical in all the sensitivity
simulations, while in the simulations of backscattering
coefficients for eight forest stands, trunk orientations are
assumed to be uniform in the azimuth direction and have
a specified distribution in the zenith direction (Fig. 9).

3) Dielectric Consrants of Trunk, Branches, and
Needles: Dielectric constants were measured using di-
electric probes. Field dielectric measurements are not very
stable because they depend on several factors, such as the
stability of instrument, the contact surface between the
probe and material, and the pressure when the probe is
pushed to the surface, etc. The data may only give us
rough estimates of the dielectric constants. The dielectric
constants of branches are lower than those for trunks based
on our field measurements [15]. Only a few measure-
ments of the branch dielectric constant were conducted
due to the difficulties of measurement and time con-
straints. There were too few data to make a reasonable
selection. Measurements of dielectric constants of needles
are extraordinarily difficult by this method due to the lack
of a contact surface, extreme sensitivity to pressure, and
angular variation in placement. Therefore in our simula-
tions the dielectric constants were assumed to be the same
for trunk, branch, and needles. The data we chose for
simulations for the C, L, and P bands are 22.5—i7.5;
20.0—i50; and 20.0—i4.0, respectively.

4) Surface Roughness and Dielectric Constant: In our
simulations for comparing the results from three different
bands (C, L, and P), we assumed a very smooth surface
with a standard deviation of height 0.003 m and correla-
tion length 0.03 m in order to use the small perturbation
model for all three bands so that the simulated results
could be compared. For simulations performed at L and
P bands for forest stands at Mount Shasta, surface rough-
ness is adjusted to have a standard deviation of height
0.01 m and correlation length 0.1 m. The dielectric con-
stant of the surface is assumed to be 7.0—; | .5, the same
as that we used earlier [1].

VI. SIMULATION RESULTS

The following are some simulation results and graphs
using the model developed in this section. When the back-
scattering coefficients at HH, VV, and HV polarizations
are plotted (e.g., Fig. 7), the total backscattering, crown
backscattering, trunk-ground backscattering, direct back-
scattering from ground surface, and crown-ground back-
scattering components are designed by 1, 2, 3, 4, and 5
at each point on the curves, respectively. For plots show-
ing the total backscattering coefficients. HH, VV, and HV
polarizations are indicated by 1, 2, and 3, respectively
(Fig. 8).

A. Model Sensitivity Analysis

1) Backscattering Versus Incidence Angle: Fig. 4 is a
plot of the total backscattering coefficient versus inci-
dence angle at L-band, and Fig. 5 shows four backscat-

o |
s S e S _?\\\.YV
. g
o .
o AN
N
© L-Band AN
E Height of trees: 15 m ®
n o Number of trees per pixel: 8
< 4

20 30 40 50 60
Incidence angle

Fig. 4. Backscattering coefficient versus incidence angle: L-band. the av-
erage number of trees per pixel is 8, and the height is 15 m.

tering components at different incidence angles. The fol-
lowing can be noticed from these plots:

(a) At lower incidence angles (e.g., 20°), trunk-
ground, crown-ground, and direct ground backscattering
terms at HH polarization are comparable. When the in-
cidence angle increases, the trunk-ground term becomes
dominant due to the drop of the crown-ground and direct
ground backscattering terms. Hence, HH polarization are
largely determined by the trunk-ground-scattering mech-
anism. For VvV polarization, at low incidence angle the
trunk—ground term is comparable to the crown-ground and
direct surface-backscattering terms, while at high inci-
dence angle it is comparable to the crown backscattering.
The trunk-ground term is the dominant term in the range
of about 30°-50° at V'V polarization.

It is expected that the crown-volume backscattering will
increase when the incidence angle increases in the case of
the discontinuous forest stands. The crown-ground dou-
ble-bounce backscattering decreases with the increase of
incidence angles.

(b) Crown backscattering increases at all polarizations
with the increase of incidence angle, but has only a minor
contribution to the total backscattering. At the shorter
wavelengths and for a closed canopy, crown backscatter-
ing may become dominant (see the simulation results in
Tables III, V, and VI at C-band), so the changing pattern
of backscattering with incidence angles will basically be
similar to the volume backscattering.

(c) The cross-polarization term (HV) is determined by
the crown and crown-ground backscattering.

2) Backscattering Versus Number of Branches per Cu-
bic Meter Within the Tree Crown: In Fig. 6 the number
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Fig. 5. Backscattering coeflicients of four components versus incidence angle: L-band. the average number of trees per pixel is
8. and the height is 15 m. (a) Trunk-ground backscattering. (b) Crown-ground backscattering. (c) Crown back scattering. (d)

Direct ground backscattering.

of branches (along with the number of needles) changes
(see figure caption). The crown and crown-ground back-
scattering terms increase with the increase of branches and
needles, while the trunk-ground and direct surface-back-
scattering drops slightly due to the increased extinction.
The change of the total backscattering coefficients at HH
is very small here. The cross-polarization term (HV) in-
creases, since it is determined by crown and crown-
ground scatterings. The cross-polarization signature may
therefore have more power than the co-polarization sig-
nature in discriminating between forests of different spe-
cies.

3) Backscartering Versus Number of Trees Per Pixel:
Fig. 7 shows the backscattering coefficients at L-band in
relation to the number of trees per pixel. Obviously, the
backscattering coefficients at all three polarizations and of
all components except the direct ground-surface term in-
crease with the increase of the number of trees per pixel.

4) Backscattering Versus Tree Height: Fig. 8 shows
that backscattering increases with the increase in tree

height. The ripples in HH and V'V plots are from the trunk-
ground term, since the scattering amplitude from a di-
electric cylinder is heavily influenced by a sin term, and
this term is quite sensitive to the length of the cylinder.

B. Backscattering Coefficients of Eight Forest Stands in
Mount Shasta Forest

The eight forest stands were modeled in (5] by Sun and
Simonett using a continuous canopy model. Trees at these
forest stands have relatively small crowns, many of which
are short and atop the trees. While some stands may be
too open to be considered to have a close canopy, some
are certainly too close to use the model proposed here
(Table I). Nevertheless, the backscattering coeflicients of
the eight forest stands are simulated using the model and
compared with the NASA/JPL Aircraft SAR data in Ta-
bles II-IV. Trunks with a leaning angle (departure from
vertical) randomly chosen from the distribution shown in
Fig. 9 were used in the simulation. A total of 100 pixels
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Fig. 6. Backscattering coefficients versus number of branches per cubic
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with a radius of 0.02 m. The number of branches change from 0 to 20.
while the number of needles changes from 0 to 8000 per cubic meters within
the tree crown. (a) HH backscattering coeflicient. (b)y HV backscattering
coefficient.

are simulated for each forest stand, and then the mean
backscattering coefficient is calculated.

The SAR image, which was flown on September 6.
1989 and calibrated by use of corner reflectors, covers
only five forest stands. Two Ponderosa plantations (stands
7 and 8) have been missed and the trees at stand 6 have
been cut off before this flight.

Tables II and III are the backscattering coefficients of
these forest stands from SAR image and model simula-
tions. The differences between SAR data and simulation
results in Table IV show that the model prediction at
L- and P-bands are within the standard deviation of SAR
data, while at C-band, however, the simulated backscat-
tering coefficients are much higher than the SAR data.
From Tables V and VI, it can be seen that the dominant
backscattering term at C-band is the direct backscattering
from the tree crown instead of the trunk-ground term as
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Fig. 7. Backscattering coefficient versus number of trees: L-band, the in-

cidence angle is 45°, and the average tree height is 15 m. (a) HH back-
scattering. (b) V'V backscattering. (c) HV backscattering.

at L- and P-bands. The possible improper input tree pa-
rameters (number of needles and branches and their di-
electric constants) to this simulation, which influence
backscattering significantly at C-band but not at Z- and
P-bands, may have caused this problem.
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Table VII gives the differences of simulation results at
L-band between two cases: Vertical trunks and trunks with
a leaning angle. It shows that when the trunk is assumed
to be vertical to the ground, the differences between HH

return is very low. A leaning angle for each trunk modi-
fies the simulation results, so that the simulation results
become reasonably good compared to the SAR measure-
ments.

VII. CoNCLUDING REMARKS

1) From the sensitivity analysis and simulation of
backscattering coefficients of forest stands, the model ap-
pears to give a reasonable prediction of backscattering
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TABLE Il
BACKSCATTERING COEFFICIENTS FROM JPL SAR IMAGES OF FOREST STANDS AT MOUNT SHASTA. CALIFORNIA. THE SD 1S THE: STANDARD DEVIATION OF AN
AREA OF 10 BY 10 PIxELS

P-Band L-Band C-Band
Stand (8) HH 42 HV HH 4% HV HH vv HV
Stand 1 (37.1°) mean —-6.22 —8.31 ~13.04 -6.69 =7.40 —-12.02 -7.23 -6.75 —12.28
SD 2.68 3.22 2.37 2.36 2.79 2.67 3.17 2.69 3.39
Stand 2 (40.5°) mean -6.71 -8.63 —14.11 —6.50 -7.98 —11.95 -9.98 —10.00 —15.24
SD 3.48 2.91 2.64 2.79 2.91 2.49 2.94 2.83 3.18
Stand 3 (43.5°) Mean —8.38 —11.19 -15.9 —8.18 ~10.47 —14.91 -9.79 —10.65 —15.42
SD 3.05 3.33 3.81 2.99 3.66 3.42 3.47 3.52 3.71
Stand 4 (41.0°) Mean -6.31 -8.70 -13.30 -6.99 —8.51 ~12.34 —8.32 —8.41 - 14.36
SD 2.61 3.02 3.13 2.94 2.88 3.00 4.24 4.38 3.15
Stand 5 (44.5°) mean -7.20 -8.99 —13.39 —7.67 —9.40 —12.56 =11.75 —-11.09 -16.93
SD 3.16 2.83 2.97 2.85 2.95 3.28 3.15 3.37 3.42
TABLE 111
SIMULATION RESULTS: TOTAL BACKSCATTERING
P-Band L-Band C-Band
Stand HH 4% HV HH 142 HV HH 44 HV
Stand 1 ~6.81 -8.76 ~12.45 -5.21 -8.36 —11.23 ~1.42 -1.13 -7.92
Stand 2 -7.91 —10.56 -14.11 ~4.40 -7.33 —-10.50 —1.80 —1.51 ~8.29
Stand 3 —10.44 —13.45 -16.83 —6.35 —9.03 -12.56 -2.56 —2.26 -9.04
Stand 4 -6.20 —7.88 —-11.70 ~5.81 -9.48 —12.13 -1.32 -1.03 -7.82
Stand 5 —8.48 -11.20 —14.44 -5.13 ~8.08 —11.17 -1.95 —1.66 —-8.44
Stand 6 -8.29 —11.17 -14.22 -4.53 —7.38 —10.26 -2.42 —=2.12 -8.90
Stand 7 -10.12 -13.02 —16.28 -7.06 -9.79 —13.11 -2.07 -1.77 -8.55
Stand 8 —9.86 —-12.71 —16.12 -7.27 -10.07 -13.46 -1.85 ~1.53 —8.32
TABLE 1V
DIFFERENCES (SAR DATA MINUS SIMULATED TOTAL BACKSCATTERING)
P-Band L-Band C-Band
Stand HH Vv HV HH 1424 HV HH 4% HV
Stand 1 0.59 0.45 -0.59 ~1.48 0.96 ~0.79 -5.81 -5.62 —-4.36
Stand 2 1.20 1.93 0.00 -2.10 -0.65 —1.45 -8.18 —8.49 -6.95
Stand 3 2.06 2.26 0.93 —1.83 —1.44 -2.34 —7.23 —8.39 ~6.38
Stand 4 —0.11 —-0.82 —1.60 —1.18 0.97 -0.21 -7.00 -7.38 —6.54
Stand 5 1.28 2.21 1.05 -2.54 -1.32 -1.39 -9.80 -9.43 —8.49
TABLE V
SIMULATION RESULTS: TRUNK-GROUND BACKSCATTERING
P-Band L-Band C-Band
Stand HH vy HV HH Vv HV HH Vv HV
Stand 1 -6.90 —8.87 —12.54 -5.72 -9.29 —11.75 —46.63 ~51.61 —53.57
Stand 2 -8.01 —10.66 —14.19 -4.92 —8.11 -10.93 —44.66 -49.58 -54.59
Stand 3 —10.54 —13.56 -16.92 -7.20 —10.31 ~13.18 —48.42 -53.49 —57.04
Stand 4 -6.29 =7.97 -11.78 -6.35 —10.68 -12.79 -52.39 ~58.69 —61.35
Stand 5 —-8.58 -11.30 —14.53 -5.72 —-9.00 ~11.66 —47.39 -52.52 —54.94
Stand 6 -8.39 —11.28 —14.30 ~5.07 -8.19 ~10.63 -46.15 -51.22 —53.87
Stand 7 —10.23 —-13.13 -16.37 -7.99 —11.24 —-13.85 —49.69 —55.04 —58.10

Stand 8 -9.97 —12.82 —16.21 -8.20 —11.55 —14.29 —50.90 —56:56 —59.11
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TABLE VI
SIMULATION RESULTS: DIRECT CROWN BACKSCATTERING
P-Band L-Band C-Band
Stand HH 142 HV HH Vv HV HH Vv HV
Stand 1 —33.10 —32.58 —44.95 —15.68 —15.92 -20.90 —-1.42 -1.13 —-7.92
Stand 2 —33.91 -33.46 -45.79 -16.26 —16.49 —21.48 —1.80 —1.51 -8.29
Stand 3 —35.25 —35.02 —47.22 —-17.17 -17.35 —22.36 —2.56 -2.26 -9.05
Stand 4 -32.94 —32.49 —44.82 —15.51 —15.74 -20.73 —1.32 -1.03 ~7.82
Stand 5 —34.24 —33.95 —46.18 -16.34 —16.55 -21.55 -1.95 —1.66 —8.44
Stand 6 —34.81 —34.53 —46.76 —16.83 -17.03 -22.03 -2.42 —-2.12 -8.90
Stand 7 -34.81 —34.67 —46.83 —16.65 -16.81 —21.83 —2.08 -1.77 —8.55
Stand 8 —34.63 —34.53 —46.67 -16.43 ~16.57 —21.60 -1.85 —1.53 —8.32
TABLE VII

COMPARISONS OF SIMULATION RESULTS AT L-BAND FROM Two CASES: VERTICAL TREE TRUNKS (SIMU 1) AND A RANDOM LEANING ANGLE WAS ASSIGNED
T0 EAcH TRUNK (SIMU 2)

Stand 1 2 3 4 5

Pol. HH 44 HV HH Vv HV HH 144 HV HH 424 HV HH Vv HV
SIMU1 —494 —11.01 -20.50 —4.975 —10.79 -20.21 -5.75 -10.83 —-20.54 -3.03 -9.69 -20.58 -4.54 - 10.37 -20.39
SIMU2 -5.21 -8.36 -11.23 -4.40 -7.33 —10.50 —6.35

—-9.03 —12.56 —5.81 -9.48 —12.13 —5.13 —8.08 —11.17

coefficients at multiple wavelengths, multiple incidence
angles, and multiple polarizations.

2) The overwhelming dominance of the double-bounce
terms at L- and P bands arises predominantly from the
corner reflector effect. This effect was enhanced by two
major factors: (a) The smooth surface of the trunk—this
raises the specular reflection of the trunk; and (b) ideal-
ization of ground surface—many factors have been ig-
nored in simulation such as the slope of the surface near
the trunk, dead wood on the ground, understories, etc.
Alternative models may be needed for trunk and ground
surfaces. If the tree trunks are modeled as cylinders or
truncated cones with rough surfaces, the ground surface
is rough and the angles between the trunks and ground
surface is not equal to 90° due to the leaning of trunks
and/or the surface slope, the trunk-ground double-bounce
scattering will not necessarily occur in the specular direc-
tions. Both trunk and ground surfaces will also scatter in-
cident waves to the directions other than the specular di-
rection and the calculation of radar backscattering will
involve an integration over the entire scattering angles at
the trunk and ground surfaces.

3) The shape of tree crowns and gap probabilities have
been introduced into the radar backscatter model so that
the model can be reasonably used for discontinuous
stands. The model can also be used for different types of
forests by using specific crown shapes. This model, how-
ever, doesn’t take the gap size distribution or spatial clus-
tering of trees into account, since the trees are assumed
to be randomly distributed within a stand. Knowledge
about gaps, spatial clustering of trees is very important

for understanding forest dynamics and identifying the
ecological states of forests. The modeling of radar re-
sponse to gap distribution and clustering is a challenge to
the radar backscatter modeler.
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